Study Design. This was a retrospective study of patients with Chiari I (CM I) and Chiari II (CM II) malformations, tethered cord syndrome, and syringomyelia examining the effect of neurosurgery on scoliosis.
A lthough idiopathic scoliosis constitutes the largest etiologic category of patients with scoliosis, organic causes must be ruled out in each case. The incidence of brain or spinal cord pathologies as organic causes of the spinal deformity in patients otherwise thought to be ''idiopathic'' ranges from 4% to 58%. [1] [2] [3] [4] [5] There are certain neurologic abnormalities that influence the evolution of spinal deformity in the coronal plane. Through previous studies, we are aware of specific curve patterns and clinical symptoms that warrant magnetic resonance imaging (MRI) for further evaluation because of the association with intraspinal pathology. 1, [6] [7] [8] [9] [10] These neurologic disorders include tethered cord syndrome (TCS), syringomyelia, and Chiari malformations (CMs). [11] [12] [13] It is not uncommon in some of these abnormalities, such as TCS or Chiari I malformation (CM I), for the spinal deformity to manifest before the frank neurological symptoms. These disorders of the neural axis often need to be addressed first, neurosurgically, in order to be able to treat the spinal deformity more effectively and/or safely.
Hans Chiari first described a group of hindbrain malformations in 1891 and then categorized them I to III. 14 The prevalence of Chiari II malformation (CM II) is 0.44 in 1000 births and due to mutations in the methylene-tetra-hydrofolate reductase gene (MTHFR). 14, 15 CM II is defined as a complex malformation of the hindbrain, associated with a defect in neural tube closure virtually 100% of the time manifesting as a myelomeningocele (MM) in the lumbar spine. 16 Unlike CM I that may go undiagnosed due to absence of neurologic symptoms, with spinal deformity appearing frequently prior, CM II is diagnosed typically in utero with ultrasound and elevated alpha-fetoprotein. 14 Clinical symptoms that develop gradually after birth include lower cranial nerve palsies, apneic spells, lower extremity paralysis, sphincter dysfunction, and spasticity. 14, 15 Spinal deformity in this group of patients typically results from presence of syringomyelia and/or tethering of the spinal cord at the site of MM repair. The two proposed mechanisms, the water-hammer theory and one-way valve theory, associated with syringomyelia formation have yet to be proven. 17 Tethering of the spinal cord results in longitudinal stretching of the spinal cord that has been shown to change metabolism of the tissue manifesting as musculoskeletal deformities and neurological symptoms. 16 Previous studies have looked at the effect of neurosurgical intervention on the coronal spinal deformity that is present as a result of these neurological disorders of the spinal axis. [11] [12] [13] [17] [18] [19] [20] [21] There has been an attempt to establish which curve characteristics might serve as predictive factors to aid in determining whether a curve's coronal deformity will progress or stabilize, albeit with inconclusive results. 11-13,17-19,22 -24 Therefore, the current study analyzed our experience treating patients with scoliosis associated with TCS, CM I, CM II, and syringomyelia at a major regional pediatric orthopedic and neurosurgical center in an attempt to (1) determine whether certain neurological abnormalities have a greater risk of scoliosis progression and (2) whether neurosurgical intervention effects the rate progression of the spinal deformity.
MATERIALS AND METHODS
Institutional Review Board approval was obtained to perform this retrospective study. A review of the neurosurgery, orthopedic, and radiology databases was performed at a single institution to identify patients in the past 10 years with CM I, CM II, syringomyelia, tethered cord, and an associated scoliosis who underwent neurosurgical intervention before orthopedic management of their spinal deformity. Patients with isolated hydrocephalus, spinal cord tumors, and traumatic spinal cord injury were excluded. Furthermore, patients with congenital scoliosis and those who received corrective deformity surgery preceding neurosurgical intervention were excluded. The medical records that were reviewed included all pre-and postoperative clinic notes along with pre-and postoperative radiographs. Review of the records was focused on the presenting neurological symptoms, demographics, severity of spinal deformity, skeletal maturity, neurosurgical and orthopedic management, perioperative morbidity, and changes in spinal deformity throughout each patient's treatment course.
From the database search, 29 patients were indentified with the above diagnoses. Fourteen patients were dropped from the analysis due to less than 24-month radiographic followup after neurosurgery, inadequate imaging, or nondefinitive spinal surgery (growing rods).
CM I, CM II, syringomyelia, and tethered cord were diagnosed with MRI either due to neurological complaints or physical examination findings. Skeletal maturity was determined pre-neurosurgery on the basis of standing radiographic films and classified according to Risser Grade 0 through 5.
All of the patients in the study with CM I and II underwent primary suboccipital decompression with C1 laminectomy to address their associated neurological symptoms. Patients with TCS had primary tethered cord release performed due to lower extremity pain, neurological symptoms, urinary dysfunction, or those who demonstrated presence of scoliosis without any of the above symptoms before tethered cord release surgery. One patient with an isolated syringomyelia underwent a laminectomy with fenestration of the syrinx and placement of a syringosubarachnoid shunt. Following neurosurgery, both the neurosurgery and orthopedic departments monitored all patients in the follow-up period.
Scoliosis Evaluation
The Cobb angle method was used to measure the major curve before neurosurgery and postneurosurgery in the coronal plane from full-length standing radiographs. Scoliosis was defined as a coronal deformity greater than or equal to 118. For this study, two groups were formed on the basis of curve progression. The spinal deformity surgical group was defined as those patients who underwent corrective instrumentation with spinal fusion or progressed beyond 508. The nonsurgical group was defined as those who did not receive instrumentation/fusion or did not progress beyond 508.
Statistical Analysis
The statistical analysis was performed utilizing SPSS v. 12 (SPSS, Inc., Chicago, IL). Univariate analysis was performed to evaluate differences between the surgical and nonsurgical groups. Categorical variables were analyzed utilizing Fisher exact test or Chi-square test. Continuous variables were analyzed utilizing the nonparametric Mann-Whitney U test. Alpha was set at P < 0.05 to declare significance.
RESULTS
Fifteen patients met the inclusion criteria described above. There were eight females and seven males in the cohort. Average age at the time of neurosurgery was 7 AE 4 years (range 0.7-14 yrs) ( Table 1) . Seven patients (47%) did not undergo or meet the indications for spinal fusion surgery at the time of latest follow-up and were thus included in the nonsurgical spinal deformity group. The other eight patients (53%) experienced coronal worsening of their curves requiring scoliosis surgery or progression to the fusion range and were included in the surgical spinal deformity group. Two patients in the surgical group had not received surgery at the time of this review despite progression of the curve to greater than 508; one was not a surgical candidate based on pulmonary function testing (Cobb angle 1408) and the other patient had surgery deferred due to his skeletal immaturity (Cobb angle 628). The nonsurgical group mean follow-up time was 53 months (range 29-87) with a mean age of 12 years and the surgical group had a mean follow-up time of 64 months (range 43-84) and a mean age of 12 years (P > 0.05) ( Table 1) .
Following neurosurgical intervention, none of the patients experienced improvement in their spinal curves (>108 decrease), eight patients experienced stabilization (AE108 change) of their curves, and seven patients experienced worsening (>108 increase) of their scoliosis (Figure 1) . Six of the eight (75%) patients whose curves stabilized following neurosurgery were in the nonsurgical group and six of the seven who worsened by !108 (85%) were in the surgical group.
Univariate analysis was performed comparing characteristics of the surgical and nonsurgical spinal deformity groups ( Table 2 ). There was no significant difference observed in the proportion of males to females in both groups (P > 0.05). In the nonsurgical group, neurosurgery was performed at an average of 7.5 years (range 2-14 yrs) versus an average of 6 years (range 0.7-14 yrs) in the surgical group (P > 0.05). In terms of diagnoses (Table 1) , we observed a total of 10 patients with tethered cord and the majority of those (seven) were in the operative group (P ¼ 0.12). Four patients had CM I and 75% (3/4) were in the nonsurgical group (P > 0.05). There were a significantly greater proportion of patients with CM II in the surgical group (75% of the surgical group); none of the nonsurgical patients had CM II (0%) (P ¼ 0.007). Eleven patients had a syrinx, six in the surgical group and five in the nonsurgical group (P > 0.05). All except one of the patients diagnosed with CM II were accompanied by a syrinx and tethered cord; all (6/6) were in the surgical group. There was no significant difference in Risser grade at the time of neurosurgery. In the surgical group, seven of eight (87.5%) patients were Risser 0 compared with five of seven (71.4%) in the nonsurgical group (P ¼ 0.53) ( Table 1) . There were a total of five lumbar, two thoracolumbar, and eight thoracic curves between both groups with no significant difference in the distribution (P > 0.05). Five atypical curve patterns (left thoracic or right lumbar) were seen in surgical group (63%) versus three in the nonsurgical group (43%); however, this did not reach significance (P ¼ 0.62) ( Table 1 ). There were 11 of 15 (73%) single curves between both groups and only four double curves in the entire cohort. The patients in the spinal deformity surgical group possessed larger curves before neurosurgery than the nonsurgical group, with a mean curve of 428 (range 208-638) versus 198 (range 158-268) (P ¼ 0.004, Figure 2 ). The surgical group also experienced a greater degree of change (42 AE 288) in their curves between neurosurgery and corrective spinal fusion or most recent follow-up than the nonsurgical group (4 AE 68, P ¼ 0.02). The surgical group had larger curves (848, range 448-1408) just before spinal fusion or at latest follow-up than the nonsurgical group (248, range 158-348, P < 0.001). The Cobb angle change from the time just before neurosurgery to the maximum Cobb angle was significantly smaller for the nonsurgical group than the surgical group (P ¼ 0.008). Patients with CM II had the greatest magnitude in curve progression, mean of 498, compared with patients with CM I (68) or tether cord without CM I or II (118, P ¼ 0.01). Figure 3 demonstrates that none of the nonsurgical patients presented with a Cobb angle >308 before neurosurgery and the lower bound of the interquartile range of the surgical group was just above 308. If a patient did not have CM II and had a Cobb angle before neurosurgery of < 308, there was a 12.5% rate of fusion or reaching 508. However, the analysis was unstable due to the significant association between the two predictor variables with our sample size. There was only one patient without CM II who had a preneurosurgery Cobb angle >308 and only one patient with CM II with a pre-neurosurgery Cobb angle below 308 (Table  2) .
Patients in both spinal deformity groups underwent similar neurosurgical procedures depending on their pathology. Two patients in the surgical and nonsurgical group experienced cerebrospinal fluid (CSF) leaks that required surgical closure in the operating room. The only complication from spinal fusion between both groups was a wound dehiscence that required reclosure in the surgical suite.
DISCUSSION
Scoliosis due to neurologic disorders such as tethered cord, syringomyelia CM I, and CM II is well documented. 1, [6] [7] [8] [9] [10] [11] [12] [13] The mechanism responsible for development of the coronal deformity in these disorders is postulated to be unique for each. In the case of CM I, Huebert and MacKinnon 25 suggested that the scoliosis is caused by the expansion of the syrinx that compromises cells within the dorsomedial and ventromedial nuclei adversely effecting muscles responsible for truncal balance. 26 In the case of TCS, McLone et al. 26 theorized that ischemia at the site of tethering causes sensory pathway dysfunction along with asymmetry of the paravertebral muscles resulting in scoliosis. 13 CM II unlike CM I has complex malformations of the hindbrain and is virtually 100% associated with MM in the lumbar spine. 14, 15 The neural tube closure defect needs to be neurosurgically repaired between 24 and 72 hours after birth to avoid risk of infection. 14, 27 The surgical repair, however, frequently later leads to tethering of the spinal cord at the repair site in as many as 70% of patients with MM. 27 Syringomyelia throughout the spine is usually found in 20% to 90% of cases with CM II. 27 As a result, both of these conditions in a patient potentially places them at a greater risk of developing spinal deformity. However, minimal literature exists regarding patients with CM II associated scoliosis, their curve characteristics, predictive factors for progression of deformity, and neurosurgical/orthopedic management. In our cohort of patients studied, all six patients with CM II received surgical fusion. All six CM II patients had a tethered cord and 83% had a syrinx present. These six patients had the largest pre-neurosurgery mean Cobb angle (468) compared with those with CM I (238) and tethered cord without CM I or II (218). Furthermore, they had the greatest magnitude in curve progression, compared with patients with CM I or tether cord without CM I or II, which may be attributed to the concomitant presence of syrinx and tethered cord. It would be interesting to study this relationship in a larger sample comparing against CM I and TCS patients. We did not see an increased proportion of atypical curves in this subset of patients. Aside from closure of their MM as a newborn, the CM II patients did not undergo neurosurgery (mean 6.4 yrs) significantly later compared with the other subsets CM I (mean 6.5 yrs) and tethered cord alone (mean 6.1 yrs).
In the case of CM I with syringomyelia, decompression of the malformation is the indicated treatment to stop or reverse the neurologic symptoms resulting from the malformation. 23, [28] [29] [30] Surgical treatment through decompression of the CM and/or shunting of the syringomyelia has shown to improve the neurologic symptoms; however, the effect on the associated spinal deformity has provided mixed results. [17] [18] [19] 23, 24 Two factors that have been shown to more consistently increase the risk of curve progression are younger age and a greater curve magnitude at presentation. 11, 17, 31 We had four patients with CM I and syringomyelia, with only one in the surgical and three in the nonsurgical group. The three patients in the nonsurgical group all had a Cobb angle of less than 208 before neurosurgery. However, the age distribution in the nonsurgical group was more varied, with one patient being as old as 13 and another only 2 years old. One patient in our cohort, in the nonsurgical group, was observed to have syringomyelia alone without any underlying cause or any history of neurological disease. This was also the only patient in our group who received a syringosubarachnoid shunt along with fenestration of the syrinx.
There have been studies showing that patients with scoliosis due to lumbar and sacral tethered cords benefit from an untethering procedure, through stabilization of the curve. 22, 26, 32, 33 McGirt et al. 13 refined these observations through their analysis, which showed that patients with Cobb angles <408 and a Risser Grade 3 to 5 at the time of neurosurgery were more likely to experience curve stabilization after untethering. The cause of tethering in their cohort included previous MM repair, fatty filum, lipomeningocele, diastematomyelia, arthrogryposis, imperforate anus with S2 hemivertebrae, and lipomyelomeningocele. 13 Chern et al. 12 showed that scoliosis patients with curves less than 358 who were associated with a tight filum terminale who underwent tethered cord release were less likely to progress. Our cohort showed findings that were similar with the above studies. In the nonsurgical group, three patients with tethered cords secondary to lipomatous elements and pre-neurosurgery Cobb angles <308 did not require spinal fusion after tether release surgery. One of the three patients was found to have a syrinx in conjunction with their tethered cord. However, all three patients were Risser grade 0. In the surgical group, there were seven patients with tethered cords with six of seven associated with CM II. All seven patients underwent fusion surgery or progressed to surgical range after neurosurgical intervention. Pre-neurosurgery Cobb angles were >308 in five of seven patients. One of the patients with a pre-neurosurgery Cobb angle <308 had a tethering that was not corrected before fusion. Six out of seven patients were Risser grade 0.
In our study, we did not see a significantly larger number of atypical curves (P ¼ 0.62) in the surgical group. Between both of the groups, we saw a majority of single curves (73%) unlike in the study by Flynn et al.
11 wherein they saw a majority of double curves in the patients who experienced progression of scoliosis. We did not measure curve kyphosis or rotation as predicative variables for progression in this study. Skeletal maturity did not prove to be a predictive factor for scoliosis stabilization or progression unlike in the study by McGirt et al. 13 Bracing in our cohort proved to be ineffective, with four of five (80%) patients who underwent bracing progressing to the surgical group. All four of these patients had CM II.
Although our study includes limitations that are inherent of many retrospective analyses, all the patients in our cohort were treated by the same neuro and orthopedic surgeons following the same practice guidelines. Nevertheless, our study is not sufficiently powered to confirm an independent association of CM II, Cobb angle, and risk of curve progression in a multivariate analysis due to the significant association between these two predictor variables in our small sample size. Furthermore, as is the case in other studies of this kind, a small sample size between the different neurological diagnoses make establishing general conclusions difficult.
CONCLUSION
Scoliosis is associated with CM I and II, TCS, and syringomyelia. In patients with preoperative Cobb angles <308 and without CM II, neurosurgical intervention may prevent scoliosis curve progression irrespective of the neurological condition. Patients with CM II are at a higher risk of curve progression and undergoing fusion than patients with CM I, TCS, or syringomyelia. In patients with a preoperative Cobb angle <308 and without CM II, we recommend neurosurgical intervention followed by a period of monitoring of the scoliosis for progression. For patients with CM II, we recommend close radiographic monitoring for curve
